A region of the Reticuloendotheliosis virus (REV) long terminal repeat (LTR) harbouring single or duplicated copies of 46-bp and 26-bp sequence elements is implicated in enhancer activity. Sequences residing upstream from the proviral 3' LTR did not contribute to activity of the intact LTR. Gene expression regulated by a combination of REV enhancer and SV40 early region promoter was 50-fold less than from the analogous construct containing the chicken syncytial virus promoter. Deletion of LTR sequences immediately downstream of the CAP site, which include a region capable of forming a stable hairpin in the mRNA, decreased expression by 70%. Expression assays and SI nuclease mapping showed that a second transcriptional start site, identified by transcription in vitro using HeLa cell lysates and purified DNA templates, was not used in vivo in the cell lines examined.
INTRODUCTION
Retroviral long terminal repeat elements (LTRs) that flank the integrated provirus are essential for viral replication and expression. They contain sequence elements as signals that determine the start site for transcription and the site of mRNA cleavage and polyadenylation, and others that greatly influence how well the viral mRNA will be expressed in different cell types and therefore modulate the host-range of the virus (1, 2).
Each LTR has the structure U3-R-U5; transcripts are initiated at the U3/R junction of the 5' LTR and polyadenylated at the R/U5 junction of the 3' LTR producing viral mRNA with the structure RU5-[coding sequences]-U3R. The duplication of R is integral to a complicated strategy for the generation of the double-stranded DNA precursors to integration. Both R and U5 form leader segments of the viral mRNAs, and the U3 component of the message likely contains signals of sequence or secondary structure that influence the efficiency of RNA cleavage and polyadenylation (1-6). In the proviral DNA, it is the U3 region that contains the transcriptional signals which influence efficiency and cellular host range of viral expression. The region of U3 proximal to the transcriptional initiation site typically contains elements of a transcriptional ©IRLPress 3 promoter including TATA and CCAAT motifs, while the distal region of U3 contains a trans crip tional enhancer (1,2). In some cases more than one region of enhancer activity has been identified (7, 8) .
Reticuloendotheliosis viruses (REV) are retroviruses with an avian host range but with an LTR and overall genomic organization more closely resembling that of mammalian retroviruses; they exhibit little sequence homology to either the mammalian or avian leukosis virus groups (9) . They have been shown to induce B cell and T cell lymphomas by insertional activation of c-myc (10, 11) .
We have previously studied transcription in vitro from chicken syncytial virus (CSV) and spleen necrosis virus (SNV), both REVs, and identified regulatory elements by sequence analysis. Here we examine the contribution of different regions of the CSV LTR to expression in vivo utilizing a linked cat (chloramphenicol acetyltransferase) gene in transient expression assays.
MATERIALS AND METHODS Cell lines and plasmids.
The D17 dog osteosarcoma and HeLa cell lines, and plasmids pSVOCAT (12) and pPBlOl (13) , were obtained from the American Type Tissue Collection. The SNV-infected D17 cells were created by calcium phosphate-mediated DNA transfection of D17 cells with pPBlOl, which contains a full-length SNV provirus (13) . Plasmid constructions.
pA10CAT2 (14) was regenerated from a version carrying an immunoglobulin enhancer at the Xbal site (provided by K. Calame) by cutting with Xbal and reclosing. The CSV components of all recombinant plasmid clones were originally derived from a lambda phage genomic library of a chicken B lymphoma: the phage clone contains a CSV provirus integrated into the c-myc locus (15, 16) . The nucleotide sequence of both LTRs in this provirus is identical to that of a replication-competent clone of CSV (16) . A SacI-to-BamHI fragment of the LTR, cloned in pDH24, has been described previously (p3'LTR(CSV); 15). The vector contains EcoRI and Xbal sites (distal and proximal, respectively) immediately 5' to the SacI site. Some constructs described below contain a short stretch of non-LTR sequences derived from the restriction sites used in cloning. Standard techniques of molecular biology were used, such as those described in Maniatis et al. (17) .
P-328/-114, p29R, p34, p36 An LTR fragment was excised from p3'LTR with EcoRI and BamHI, purified and redigested with Sau3A. Fragment ends were made blunt with Klenow fragment of DNA polymerase I, and a mixture of fragments were ligated into the pSVOCAT vector ( Fig.l; 12 ) which had been cleaved at the Hindlll site immediately upstream of cat, and similarly made blunt. Clones were characterized by colony hybridization using radiolabelled probe specific for the EcoRI-to-Sau3A and Sau3A-to-BamHI fragments, and by restriction mapping. p-328/-114 and p36 contain single and double insertions, respectively, of the upper U3 region of the LTR in the same transcriptional orientation as the cat gene, while p34 contains a single insertion in the opposite orientation. p29R contains a single insertion of the Sau3A-to-BamHI region in the opposite transcriptional orientation to cat. Fragments of p29R, p34, and p36 were used to create clones described below.
pINV(-328/-114) The Sau3A-to-BamHI LTR fragment of pCSVCAT (see below) was cloned into the polylinker of pSP64 (Promega Biotec) at the BamHI site and a 180 bp LTR fragment excised with Xbal and Hindlll. This fragment, a Hindlll-to-PvuII fragment from pCSVCAT, and an Xbal-to-PvuII, ColEl oricontaining fragment from p34, were joined in a trimolecular ligatlon.
P-117/+143 The 180 bp Xbal-to-Hindlll LTR fragment, isolated as described above, was ligated into the corresponding sites of pCSVCAT.
pH/+62 A 0.9 kbp Hindlll fragment of provirus DNA containing a portion of the env gene and part of the 3' LTR was cloned into the Hindlll site of pSVOCAT.
pHZ+143 The small Aval-to-PvuII fragment from pCSVCAT was cloned into the corresponding sites of pH/+62. pHdel(-322/-118) The small SacI-to-PvuII fragment from pINV(-328/-114) (containing the CSV LTR from position -117 and extending into the cat gene) was cloned into the corresponding sites of pH/+62. pHZ-114 The small SacI-to-BamHI fragment from p-328/-114 (containing the CSV LTR as far as -114 and extending beyond the cat gene) was cloned into the corresponding sites of pH/+62.
pCSVCAT The SacI-to-BamHI CSV LTR fragment was cloned upstream from the CAT gene. A CAT vector was engineered containing a SacI cloning site flanked by Xbal sites (pSVO soo CAT); a 1.9 kbp BamHI proviral fragment terminating at the BamHI site in the 3' LTR was blunted with Klenow and cloned into the SacI site which recreated the BamHI sites. A fragment of this clone, extending from the SacI site at the beginning of the 3' LTR to the PvuII site in the cat gene, was cloned into the corresponding sites of pSVO Qa= CAT.
pSNVCAT: A SacI-to-BamHI fragment of the SNV LTR derived from pPBlOl was substituted for the analogous CSV fragment after digestion of pCSVCAT with SacI and BamHI (partial digestion).
pdel(+2/+57) pCSVCAT was cleaved with Aval and Hindlll, blunted with Klenow, and reclosed with the addition of BglH linkers, creating a deletion from +2 to +55.
pE-cs-AlO An Xbal fragment containing the SacI-to-Sau3A region of U3 was excised from p36 and cloned into the Xbal site of pA10CAT2.
pCSV-AlO and pSNV-AlO Xbal-to-BamHI fragments containing the CSV LTR and SNV LTRs were cleaved from pCSVCAT and pSNVCAT, respectively, and cloned into corresponding sites of pA10CAT2. Transfection of DNA and analysis of CAT activity.
DNA was introduced into cells via calcium phosphate-DNA coprecipitation (18) . 100 mm plates were seeded with 10* 5 cells the day prior to transfection; cells were harvested on the second day post-transfection, lysed via three cycles of freeze-thaw, and clarified cell-lysates were assayed for CAT activity as described by Gorman et al. (12 (28) . TAG = termination codon for env gene. Av, Aval; B, BamHI; H, HindiII; Sc, Sad. Each of the DNA fragments shown was cloned upstream of the cat gene. * denotes a 5-bp insertion resulting from the cloning strategy. Cross-hatching indicates that part of the LTR is in the opposite orientation to the cat gene. Gaps in pHdel(-322/-118) and pdel(+2/+57) indicate deletions relative to the complete LTR. The expression data are pooled from several experiments employing two or more preparations of each plasmid DNA. Plasmid DNAs were transfected in triplicate and CAT activity normalized to the value obtained for pCSVCAT. For pCSVCAT the standard deviation (SD) was less than 25% of the mean value in each case. Relative CAT activity was determined on 6 to 12 cell lysates under conditions of substrate excess and is shown adjusted to two significant figures; SD/mean is less than 0.35 in all cases except p-117/+143 (0.8).
ide gradient centrifugation (19) . RNA transcribed in vitro was generated and extracted as described previously (15, 20) . RNA was digested with RNase-free DNase (Worthington). DNA fragments generated by digestion with appropriate restriction endonucleases were dephosphorylated and radiolabelled at their 5' ends and used in hybridization mapping experiments as described previously (15, 21) . A typical hybridization reaction included 50,000 cpm of labelled DNA probe (ca. 50 to 100 ng) and either 40 fig total cellular RNA, or one half the RNA yield from an in vitro transcription reaction, in a volume of 15 \sl; nucleic acids were denatured (15 min at 68°) and incubated at 47° for 4 h. Digestion with SI nuclease and analysis of protected probe fragments on polyacrylamide gels was as described previously (15) . Analysis of RNA secondary structure.
Predictions for RNA secondary structure were computer-assisted using program PCFOLD:Version 3.0, written by M. Zuker, National Research Council of Canada, and adapted for IBM PC by D. Brunelle.
RESULTS

Generation of defined deletions & rearrangements of the CSV LTR.
The CSV LTR contains several conveniently located restriction sites (15, 16) that were used to generate defined deletions and rearrangements (Fig. 2) . A SacI site is present 12 bp from the 5' end of the LTR and a BamHI site only 37 bp from the 3' end of the LTR. An Aval site overlaps the U3/R junction and a recognition sequence for HindlH, at +57, begins within the AATAAA polyadenylation signal. A Sau3A site, at -117, conveniently falls downstream from putative enhancer elements present only once in CSV but directly repeated in SNV, and downstream from a strong alternate transcription initiation site identified by transcription in vitro (15) . Numbering is based on our previous observation that the second G of the Aval site was that predominantly used to initiate transcription in vitro although the G residues on either side were also used (15) . In practice it is likely that some heterogeneity occurs at the 5' end of REV mRNA. The numerical position assigned to a restriction site or sequence motif corresponds to the nucleotide the most 5' on the coding strand. Various deleted or rearranged LTRs fused to the cat gene of pSVOCAT ( Fig. 1; 12) are shown in Fig. 2 .
pCSVCAT contains the SacI-to-BamHI region of the LTR. pH/+143 contains the LTR and sequences extending upstream into the env gene. pH/+62 retains the polyadenylation signal but is lacking sequences immediately downstream comprising part of R and all of U5. p-328/-114 and p-117/+143 contain regions of the LTR 5' and 3 1 to the Sau3A site, respectively; p-328/-114 therefore contains the alternate start site detected in vitro (15) . pH/-114 and pHdel(-322/-118) contain the Hindlll-to-SacI, env-to-LTR, region but are otherwise similar to p-328/-114 and p-117/+143, respectively. In pINV-(-328/-114), the orientation of the SacI-to-Sau3A region of U3 has been re-PAI0CAT2 PSV2CAT SNV Fig. 3 . Analysis of enhancing activity on a heterologous promoter. A U3 fragment from CSV (-328 to -114), and fragments encompassing most of the CSV and SNV LTRs, were cloned into the enhancerless plasmid, pA10CAT2 (14) . pSV2CAT (12) is ancestral to pA10CAT2 and retains the SV40 enhancers. Cell lysates were assayed for CAT activity 48 h post-transfection. Reaction products were separated by thin-layer chromatography and visualized by autoradiography. Pr^SV40 = SV40 early promoter; Or = origin; CM = chloramphenicol; 1-ac, 3-ac = monoacetylated forms of chloramphenicol. Cleavage and polyadenylation of CAT mRNA occurs approximately 50 nt 5' to the BamHI site and transcripts proceeding on the opposite strand are also cleaved and polyadenylated in this region.
versed. pdel(+2/+57) is lacking most of R, up to, and including, the polyadenylation signal. Transient expression from rearranged LTRs. D17 dog osteosarcoma cells were transfected with the LTR-cat plasmids and transcriptional activity was assessed by the transient expression assay for CAT (12) . The D17 cell line is an efficient host and has been used extensively for the propagation of REV (22) . A summary of the relative activity of the clones is shown in Fig 2. In addition, clone pSNVCAT, containing the Sacl-toBamHI LTR fragment of SNV isolate 60B (23) , is included as an example of a REV LTR that contains a duplication of the 46-bp and 26-bp elements. The enhancerless and promoterless pSVOCAT (12) was included as a negative control . The SNV LTR construct produced levels of acetylation significantly higher than the analogous pCSVCAT suggesting a positive influence of the duplications present in SNV. The regions of the LTR upstream or downstream of the Sau3A site were independently inefficient at supporting CAT expression (0.7% and 2.4%, respectively). Sequences upstream of the LTR did not increase expression from the complete LTR (in fact a small negative effect was observed), nor from the putative enhancer region in pH/-114. However, a positive effect was observed on the promoter region (compare pHdel(-322/-118) with p-117/+143). This could be due to the greater distance of the promoter from putative negative elements in vector DNA and we do not attribute the result to enhancer activity. Inverting the region of the LTR upstream of the Sau3A site (pINV(-328/-114)) reduced CAT activity 75%. Surprisingly, a deletion downstream from the transcriptional start site (pdel(+2/+57)) reduced expression about 70%. Enhancer activity on a heterologous promoter.
The SacI-to-Sau3A fragment from the U3 region of the CSV LTR was cloned into the Xbal site of the CAT expression plasmid pA10CAT2 (14), a vector derived from pSV2CAT (12) retaining the early region promoter but deleted of the SV40 enhancers. CAT expression from this construct (pE-cs-AlO) or from analogous constructions containing all of the CSV or SNV LTR was negligible in comparison to expression from the corresponding intact LTR (Fig.  3) . Expression from a plasmid in which the CSV Sau3A-to-BamHI promotercontaining fragment was substituted for the SV40 promoter was 50-fold higher (results not shown; Ridgway in preparation). Competition analysis of LTR fragments.
Clones p-328/-114 and p29R contain regions of the CSV LTR 5' and 3', respectively, to the Sau3A site: the former contains the putative enhancer; the latter contains the balance of the LTR, including promoter sequences, oriented away from the cat gene (see Methods). Both plasmids are inefficient at CAT expression, and were used as competitors for cellular transcription factors. The clones were cotransfected into D17 cells in 50-fold excess with pCSVCAT as reporter gene, and the effect on transient expression of CAT monitored. Clone P-328/-114 DNA was highly efficient in competing with pCSVCAT for cellular transcription factors in comparison to pSVOCAT DNA but several-fold less efficient than the complete LTR (Fig. 4) . The need for large excesses of competitor DNA is presumably due to the abundance in D17 cells of cellular factors that recognize REV LTRs: this is reflected in the levels of expression obtained relative to other cell lines (Ridgway, in preparation). p29R showed a lesser, but still significant, ability to compete with pCSVCAT suggesting that both Clone p-328/-114 contains an alternate transeriptional initiation site identified in vitro at -157 (15) but fails to express CAT activity. This suggests the alternate site is not efficiently used in vivo. Alternatively, the transcript might be poorly translated or rapidly degraded. To look directly for mRNA initiated at the alternate transeriptional start site, SI nuclease mapping was performed on total RNA isolated from cells transfected with plasmids containing the CSV LTR but lacking cat, on RNA from D17 cells productively infected with SNV, and on RNA transcribed in vitro from CSV LTR templates as described previously (15) . Clones pAR-9 and pAR-25 contain one copy or tandem copies, respectively, of a 1.2 kb SacI fragment of chicken tumour DNA; the fragment contains the CSV LTR, part of c-myc intron 1 and the first 188 bp of c-myc exon 2 (15) . The tandem arrangement in pAR-25 allows for the correct cleavage and polyadenylation of mRNA in the second LTR.
When a probe, 5' end-labelled at the BamHI site in the CSV LTR is used, the RNA transcribed in vitro protects two fragments of approximately 142 nt and 295 nt, corresponding to RNAs initiated at the U3/R junction and the alternate start site, respectively (Fig. 5A, lane 1; 15) . RNA isolated from D17 cells transfected with pAR-9 (not shown) or pAR-25, protects only the shorter 142 nt fragment suggesting that the initiation site at the U3/R junction is used either exclusively or with a considerable preference (Fig 5A, lane 3) . RNA isolated from D17 cells productively infected with SNV, and hybridized to an analogous SNV LTR end-labelled probe, also protected a fragment of a size which mapped initiation to the U3/R junction; the fragment is slightly larger due to size differences between the CSV and SNV LTRs (Fig. 5A, lane 4) .
Detection of the longer transcript by the BamHI-labelled probe would require transcription through polyadenylation signals, therefore, SI mapping was performed with probes 5' end-labelled at the Aval site. Whereas the in vitrotranscribed RNA protected a CSV DNA probe fragment of approximately 157 nt (Fig. 5A, lane 5) , none of the in vivo-derived RNAs protected the probe from digestion by SI nuclease (Fig. 5A, lanes 7, 8, 9 ). Transcripts initiated at the U3/R junction, but not elsewhere, were also detected in chick embryo fibroblasts, HeLa cells, and mouse NIH 3T3 cells following transfection with CSV LTR-containing plasmids (results not shown).
DISCUSSION
In this report, we have used a transient expression assay to study the effects on transcription caused by deletions and rearrangements in the CSV LTR. The use of LTR-marker gene chimeras to study those separate elements that influence level of transcription is especially advantageous when dealing with multifunctional regions of DNA such as retroviral LTRs. In studies of transcriptional efficiency based on infectivity, it is often difficult to rule out that other LTR-controlled functions, such as those occurring prior to integration, during integration itself, and during mRNA processing at the cleavage and polyadenylation stage, are not also contributing to the observation.
The REV LTR more closely resembles that of the murine retroviruses than the avian retroviruses in its structural organization, as in the sizes of U3, R and U5, and in the location of the polyadenylation signal, but does not show significant sequence homology to either group (9) . The effects of alterations in the U3 region.
Variation in the size of U3 is observed in isolates of SNV and occurs through loss of one copy of either the 26-bp or 46-bp directly repeated elem-ent; proviruses lacking more than one element were not found (23) . CSV is an independent isolate from chicks (24) in which only one copy of each of the 46-bp and 26-bp elements is present; furthermore, the 26-bp element is radically divergent with only 7 nt in common with SNV. Consideration of the 26-bp sequence as an element analogous to that in SNV is based on its size and the presence of conserved flanking sequences (16, 25) . Other reports have shown that duplication of sequence elements is not obligatory for retroviral enhancer function (7, 14, 26, 27) .
The SNV LTR supported 2-fold greater CAT activity than the CSV LTR in D17 cells (Fig. 1) . In chicken cell lines the SNV LTR is 3-to 5-fold stronger than the CSV LTR (Ridgway, in preparation), which correlates with viral pathogenicity in vivo (28; R.L. Witter, personal communication). It is not clear from this study whether the lower trans crip tional strength of the CSV LTR is related to the singular form of the 46-bp and 26-bp elements or to nucleotide differences in the 26-bp element, but does implicate these sequences in enhancer function. The CSV LTR is at least as strong a transcriptional unit as the RSV LTR in a number of avian and mammalian cell lines (Ridgway, in preparation). However, part of this capacity appears to depend on sequences downstream of the transcriptional start site (discussed below).
The transcriptional strength of retroviral LTRs is highly dependent on the enhancer without which expression falls generally 20-to 100-fold (8, 14, 26, 27, 29) . While it is not clear if the 46-bp and 26-bp elements constitute the entire CSV enhancer, sequences essential for enhancer function reside upstream of position -117; removing those sequences reduced expression 40-fold (Fig. 2) . This region was also efficient in competing with pCSVCAT for cellular factors which support transcription (Fig. 4) and in enhancing expression in the reverse orientation to the promoter (Fig 2) and from a distant site in the plasmid (not shown; Ridgway in preparation).
Inverting the region from -328 to -114 reduced expression 4-fold. It is possible that the region surrounding the Sau3A site at -117 makes up part of the enhancer, or promoter, or both. Alternatively, the drop in activity may be due in part to the relocation of a third CCAAT motif (at -136) from between enhancer and CAP site to a position upstream of the enhancer. Regardless, the drop in activity is less than that reported for analogous inversions of the enhancer regions of RSV and MLV (8, 30) . These observations may reflect a negative effect on the cooperative binding of factors across the LTR rather than the disruption of a particular DNA sequence. This is also suggested by the competition experiments in which the native LTR was several-fold more effective than either fragment of the LTR (Fig. 4) .
Deletion of LTR sequences 3' to -114 (in clone p-328/-114) prevented transcription (Table 1) . While this does not seem surprising, residual activity has been described in other LTRs upon deletion of promoter sequences (27, 29, 31, 32) .
Differing views have been expressed as to whether the RSV enhancer is contained completely within the LTR or extends into viral sequences upstream of the 3' LTR (7, 29, 33) . Our results suggest that viral sequences upstream of the 3' CSV LTR do not contribute to the level of transcription from the intact LTR.
The LTRs of CSV and SNV were inefficient at enhancing expression from the SV40 promoter, when cloned into the enhancer-minus vector, pA10CAT2 (Fig. 3) . This is in marked contrast to observations made with the RSV and MLV LTRs where enhancement in pA10CAT2 was 37% and 100%, respectively, of that achieved through the homologous viral promoter (7, 14) . The SV40 promoter is functional in D17 cells as indicated by the results with pSV2CAT. Although activity of the REV enhancer is attenuated somewhat by distance, expression increased 50-fold when the CSV promoter (-117 to +143) was substituted for the SV40 promoter (Ridgway, in preparation) . A strong synergism has been demonstrated between the immunoglobulin light-and heavy-chain enhancers and their respective promoters (34) . The possibility that synergism may be relevant to the strict promoter insertion mechanism for c-myc activation observed in REV-induced B-cell lymphoma (35) , is under investigation.
These observations suggest that complex mechanisms are involved in establishing the optimal transcriptional activity of retroviral LTRs, and that far more is involved than the grouping together of minimally defined enhancer and promoter units. Effects of deletions in R and U5.
Deletion of U5 had no effect on transcription, however, deletion of 57 bp just downstream from the transcriptional start site, decreased CAT expression relative to the parental clone pCSVCAT by 70% (pdel(+2/+57) in Fig. 2) . Two of the three G residues identified in vitro (15) as the start sites for transcription, including that most preferred, were retained by the cloning strategy. In addition, the inclusion of a Bglll linker between the filled-in Aval and Hindlll restriction sites provides other A and G residues in a context potentially more favourable for initiation (Fig. 6B) (36) . Therefore, it is unlikely that the de- crease in CAT activity is caused by alteration to the CAP site, but we have not completely ruled this out. This positive influence of the R region is analogous to results described for the LTRs of HTLV-I (human T-cell leukemia virus-I) and BLV (bovine leukemia virus) which were independent of the transactivators encoded by these two viruses (37, 38). REVs do not encode a transactivator (Ridgway, in preparation) . The deletion in pdel(+2/+57) removes a part of the mRNA leader capable of forming a stable hairpin loop Kcal/mole) that may contribute to the stability of the mRNA or to some other post-transcriptional process such as RNA processing to the cytoplasm or efficiency of translation (Fig. 6A) . The observations for CSV, HTLV-I, and BLV are different from those described for HIV (human immunodeficiency virus) where a stable hairpin in the mRNA leader mediates transactivation by a viral gene product (39) . An alternate start site detected in vitro is not used in vivo.
The strong alternate transcriptional start detected in vitro by run-off transcription in HeLa cell lysates and mapped to a position 157 bp upstream from the U3/R junction (15) appears to be non-functional in several cell lines in vivo. The alternate start site and appropriately positioned TATA-and CCAATlike homologies, presumably responsible for mediating in vitro transcription, are all contained in the SacI-to-Sau3A fragment of clone p-328/-114 which showed no CAT activity. Furthermore, SI nuclease mapping of RNA isolated from cells transfected with plasmids containing the CSV LTR, or from cells productively infected with SNV, failed to detect any initiation at the alternate start site (Fig. 5A) . Although we would probably not be able to detect very lowlevel expression, it appears that in D17 cells (Fig. 5A) , and others including HeLa cells which were the source of the cell lysate for the in vitro studies (results not shown), transcription from the alternate site does not contribute significantly to overall expression from the LTR. Since the alternate start is used in vitro at least as efficiently as the U3/R junction and with great specificity ( Fig. 5A; 15) it is difficult to explain the results in vivo. Perhaps the binding of protein factors to the enhancer regions in vivo prohibits use of the alternate start site; transcription in vitro is largely enhancer-independent (40) and it may be that in cell lysates, enhancer-protein complexes do not form efficiently or are competed-out by excess template DNA. Specific transcription factors control expression from REV LTRs.
A role for specific transacting factors in regulation of transcription was first demonstrated by experiments in which such factors were competed-for by excess DNA (41) and recently, protein factors have been identified that recognize sequence motifs in the enhancer regions of retroviruses (42) (43) (44) (45) (46) . Plasmids p3'LTR(CSV) and p-328/-114 competed efficiently with pCSVCAT for cellular factors (Fig. 4) . Some regulatory elements are found in the control regions of both viral and cellular genes. Aside from the CCAAT and TATA homologies, the nucleotide sequence of the CSV LTR (16) does not reveal any sequence elements previously recognized as binding sites for transcription factors. DNA protection-type experiments will be required to identify points of contact between REV LTRs and cellular proteins. Such analysis of the REV LTR, which is efficiently expressed in a variety of cell types from different species (Ridgway, in preparation), may identify previously unrecognized sequence elements that have a role in expression of cellular genes.
